IT HAS BEEN well documented that immersion of man in water to the neck induces a substantial diuresis and natriuresis.' It has been suggested that these responses are secondary, at least in part, to the demonstrated translocation of blood from the periphery to the thorax, 2 which, in turn, stimulates cardiac receptors presumed to be involved in the control of salt and water excretion/ 1 Central to this hypothesis is that section of pathways which have been shown to transmit information concerning volume from the heart should attenuate, if not abolish, the renal responses to immersion. Since most previous experiments concerning the renal responses to immersion have been made on the human, insight into the mechanisms involved have been limited by virtue of the inability to use invasive techniques. To test the hypothesis that cardiopulmonary receptors are involved in the renal response to immersion, we carried out experiments in the VOL. 42, No. 2, FEBRUARY 1978 nonhuman primate to determine the influence of bilateral cervical vagotomy on the renal responses to immersion. The results demonstrate that vagal pathways are not necessary for the renal responses of the primate to headout water immersion.
Methods
The experiments were carried out using one Macaca mullata and seven Macaca fasicularis monkeys weighing 3.0-6.9 kg. Four of the animals received ADH, 5 U, and DOCA, 5 mg, im, the afternoon before the experiment and a constant infusion of ADH (50 mU/kg per hour) duing the experiment. On the morning of the experiment, they were sedated with ketamine, 5 mg/kg, im, followed by pentobarbital sodium, 30 mg/kg, iv, which was supplemented as needed during the experiment. One femoral vein was cannulated for infusing and the other for the introduction'of a transducer-tipped catheter (Millar Instruments; model PC-350A) which was placed at the level of the thorax to measure central venous pressure. One femoral artery was cannulated to obtain blood samples and the other for the introduction of a second transducer-tipped catheter (Millar Instruments; model PC-350A) which was placed at the level of the descending aorta to measure arterial blood pressure. A midline neck incision was made, a tracheostomy done, and loose ligatures placed around the cervical vagi. The ureters were approached through flank incisions and cannulated with polyethylene tubing. All incisions were closed with surgical clips.
The monkeys then were placed in the seated position in an 18-x 18-x 24-inch watertight tank constructed of clear plastic and were restrained gently to prevent floating. The ureteral cannulae were brought out through the front of the tank through watertight adapters at the level of the monkey's umbilicus. All other catheters were made accessible by hanging them over the side of the tank. Five of the eight animals were maintained on positive pressure respiration throughout the experiment. The tank was filled within approximately 6 minutes with tap water at 35 ± 0.5°C and the water was maintained at this temperature by means of a thermostatically controlled 18-x 24inch circulating hot-water pad which was immersed in the tank. The water was brought to the level of the suprasternal notch. The tank could be emptied within approximately 2 minutes through an outlet located at its base.
The experimental protocol was as follows: after the surgical preparation was completed, the monkey was placed in the tank. An infusion of creatinine and paraaminohippuric acid (PAH) was begun and, 1 hour later, timed collection of urine was started. After 30-40 minutes of relatively constant urine flow, the tank was filled and remained so usually for 40 minutes, after which it was emptied. In three monkeys, immersion was carried out with the vagi intact. In another four monkeys, immersion was carried out prior and 20-30 minutes subsequent to bilateral cervical vagotomy. In the eighth animal, the vagi were sectioned prior to the first immersion. The monkeys were killed at the end of the experiment, catheter placements confirmed, and the kidneys removed and weighed.
The clearances of creatinine (GFR) and PAH [effective renal plasma flow (ERPF)] were determined by the standard constant infusion technique. They were dissolved in either isotonic sodium chloride or a Krebs-Ringer bicarbonate solution gassed with 95% O 2 and 5% CO 2 and infused at the rate of 0.75 ml/min. Plasma creatinine concentration was maintained between 10 and 15 mg/100 ml, and plasma PAH concentration was maintained between 1 and 3 mg/100 ml. A 4-ml blood sample was obtained at the midpoint of the appropriate urine collections, and after the plasma was separated, the red cells were reconstituted with 6% dextran in isotonic saline and returned to the animal intravenously. Arterial blood gases and pH were monitored frequently and kept within normal limits. Sodium and potassium were determined by flame photometry, osmolality by freezing point depression, and creatinine and PAH by an autoanalyzer. All hemodynamic recordings were obtained with a Sanborn 7700 series recorder. Statistical analysis was determined by the single tail paired, /-test.
Results
Because the responses of the monkeys were the same regardless of whether they were pretreated with DOCA and ADH, or whether they were on intermittent positivepressure respiration, all animals have been grouped together for purposes of data analysis. Table 1 shows the influence of vagotomy on the renal responses to immersion. The preimmersion control values are those obtained during the 10-or 20-minute period which immediately preceded immersion; the immersion data were obtained during the last 10 minutes of immersion, and the postimmersion control data were obtained during the second 10minute period after the tank was emptied. An asterisk identifies those values which are statistically different from the preimmersion control values, at least at the P < 0.05 level.
Immersion was associated with a significant increase in central venous pressure (CVP) and arterial blood pressure (BP) but no significant changes in heart rate. The rise in CVP and BP occurred during the period that the tank was being filled. Urine flow and sodium excretion began to increase during the first 10 minutes of immersion. By the end of the period of immersion, urine flow usually had stablized at the new higher level, whereas sodium excretion tended to rise throughout the period of immersion. This substantial natriuresis was the result of a significant increase in the percent of the filtered sodium excreted (F Na ), there being no significant change in either GFR or ERPF.
The increase in urine flow was due to a significant increase in both osmolal (Qsm) and free water clearance. The increase in the latter occurred whether or not the animals were receiving ADH. In fact the greatest increase in C HaO (from -0.10 to +0.88 ml/min) occurred in a monkey receiving ADH.
The responses to immersion following vagotomy were qualitatively the same as before vagotomy. Significant increases occurred in urine flow, sodium excretion, F Na , and Co Sm . However, these increases were not significantly 0.20 ±0.02 (7) -0.09 ±0.01 (7) 4.7 ±1.8 (7) 0.35 ±0.14 (7) 6.7 ±1.4 (7) 38.1 ±0.7 (7) 0.54 ±0.05 (6) 1.46 ±0.24 (6) 166 ±9.0 (7) 98 ±6.8
-0.58 ±2.73
Prevagotomy Immersion 0..49* ±0.12 (7) 0.38* ±0.08 (7) + 0.10* ±0.14 (7) 31.5* ±10.4
1.87* ±0.46 (7) 12.5* ±2.8 (7) 35.3* ±1.1 (7) 0.64 ±0.10
1.93 ±0.28 (6) 164 ±9.6 (7) 113* ±9.8
+4.03* ±2.61
Control 0.17 ±0.06 (7) 0.22 ±0.04
-0.07 ±0.02 (7) 9.3 ±2.6 (7) 0.67 ±0.19 (7) 6.5 ±1.0 (7) 35.9 ±1.3 ' Statistically different from the preimmersion control value (P < 0.05).
different from the increases that occurred before vagotomy. Although the increase in C H2 o was not significant, it increased in two of the monkeys that were receiving ADH. In contrast to the prevagotomy immersion period, both GFR and ERPF increased significantly. However, the increase in sodium excretion was still primarily the result of a significant increase in F Na . Figure 1 shows the time course of the hemodynamic and renal responses to immersion in a vagotomized M. fasicularis. The following features are to be noted. Urine flow, sodium excretion, GFR, and ERPF had increased within 10 minutes of immersion. However, although GFR and ERPF stayed relatively constant during the period of immersion, urine flow and sodium excretion continued to increase, the latter at a somewhat greater rate than the former. Finally, all parameters had returned essentially to the control levels within 20 minutes following the termnation of immersion.
Discussion
The cardiovascular and renal responses to head-out water immersion in man have been reviewed recently by Epstein. 1 He has documented in a series of studies that this maneuver consistently is associated with a profound VOL. 42, No. 2, FEBRUARY 1978 diuresis and natriuresis. Our demonstration of a substantial natriuresis during immersion in the monkey pretreated with mineralocorticoids is consistent with the observation that DOCA does not abolish the natriuresis of immersion in man. 4 The rapidity of the onset of the natriuresis (as well as diuresis) would suggest that the response, at least initially, has a hemodynamic component. However, the continuing increase in urine flow and sodium excretion (Fig. 1) would not appear to be related to increases in GFR or ERPF, since we observed no consistent changes in either, a finding consistent with human studies. 1 Perhaps the abdominal compression that we could visualize during immersion or the elevated renal venous pressure produced changes in renal blood flow distribution. Our observation in the monkey that there is a continuing increase in sodium excretion during immersion which is associated with a significant increase in the fractional excretion of sodium also is consistent with the findings in man. 1 This, along with the observation in man that the natriuresis continues for at least an hour after immersion ceases, suggested to Epstein and associates 4 that a natriuretic factor may be contributing to the natriuresis of immersion. Consistent with this idea is their finding that a natriuretic factor can be demonstrated in the urine, 5 a sodium transport inhibitory factor in the sera, 1 of subjects undergoing immersion.
In contrast to the study of Epstein and associates in man, the time course of the off response of the natriuresis in the nonhuman primate induced by immersion is much more rapid (Fig. 1) . In all our experiments, the natriuretic and diuivtic response observed during immersion ceased almost completely within 10 minutes after stopping immersion. At the same time, the differences between our results in the monkey and those of Epstein in man may relate to differences in the immersion procedures. In our experiments, immersion was terminated by rapid draining of the tank so that there was no movement or manipulation of the monkey. In Epstein's study, immersion was terminated by having the subject step out of the tank and then sit beside it. 4 Since Epstein obtained hourly urine samples, it is not possible to determine what effect this movement had on sodium excretion during the early portion of the post immersion period. In any event, if a humoral factor is contributing to the natriuretic response of the monkey to immersion, it would appear to have an extremely short half-life.
The diuretic response to immersion in man has been reported to be related directly to the level of hydration" and to be accompanied by a decrease in the urinary excretion of ADH. 7 In the present study, three of the four monkeys which were pretreated with ADH and which also received an infusion of ADH during the experiment showed an increase in free water excretion during immersion. This vasopressin-resistant hyposthenuria has been shown by Tisher and associates 8 to occur in the macaque monkey when osmolar clearance is increased by the intravenous infusion of hypertonic sodium chloride solution. They attributed this phenomenon to the fact that the macaque kidney has poorly developed medullary regions, primarily the result of the virtual absence of an inner medullary zone. Therefore, in the presence of an increased solute load, the distal tubular fluid does not achieve isosmotic equilibrium before entering the collecting duct, and thus a hypotonic urine is excreted. If this explanation is applicable to our finding of a vasopressinresistant hyposthenuria during immersion, the increased fractional sodium excretion that accompanies it must be due to an inhibition of sodium reabsorption proximal to the diluting site, most likely in the proximal tubule.
It appears to be well documented that immersion to the neck in man is associated with increases in central blood volume, stroke volume, central venous pressure, and right atrial transmural pressure. 2 It appears that this increase in central blood volume and pressures is the result of a redistribution of blood volume from the periphery secondary to the hydrostatic forces acting during immersion. It has been suggested that the consequent stimulation of atrial and ventricular receptors is involved in mediating the renal responses to immersion/' The present experiments are not consistent with this hypothesis, since a diuresis and natriuresis occurred after vagotomy, demonstrating that at least intact atrial receptors are not necessary for the renal responses to immersion. If cardiopulmonary receptors are necessary for the response of the primate to immersion, they do not traverse the vagus nerve. However, it is possible, as suggested some years ago by one of us, that cardiac sympathetic afferents may participate in the control of sodium excretion under conditions of central hypervolemia. 9 It should be noted that our conclusion is that vagal pathways are not necessary for the renal responses to immersion in the nonhuman primate and thus probably in man, rather than that vagal pathways do not contribute to the responses. Although the results are consistent with the latter possibility, the possibility exists that the first immersion (prevagotomy) predisposed the monkey to a potentiated response during the second immersion (postvagotomy) which was not seen because the vagi were sectioned. That is to say, although the vagi are not necessary for the renal responses to immersion, they do contribute. Against this possibility are two qualitative observations: (1) The one monkey that was vagotomized before the first immersion showed a substantial natriuresis and diuresis ( Fig. 1). (2) There tends in general to be a greater renal response to immersion following vagotomy ( Table 1 ).
There is one aspect of the hemodynamic consequences of immersion that has been ignored by previous authors. This is the failure of the human 2 and, indeed, of the monkey, to respond to immersion with a tachycardia despite a substantial increase in ventricular volume, central venous pressure, and, presumably, atrial pressure. It appears that, although a Bainbridge reflex is clearly demonstrable in the dog,"' it plays little or no physiological role in the primate.
Failure of Left Atrial Distension to Alter Renal
Function in the Nonhuman Primate JOSEPH P. GILMORE AND IRVING H. ZUCKER SUMMARY Experiments were undertaken to determine the influence of increasing left atrial pressure on renal function in the nonhuman primate. Significant elevations of left atrial pressure, produced by using an intra-atrial balloon, had no effect on salt or water excretion, renal plasma flow, or glomerular filtration rate. There were no significant changes in heart rate or blood pressure. We conclude that, unlike those in the dog, atrial receptors in the nonhuman primate play little or no role in modulating salt and water excretion.
AS THE RESULT of the early studies of Henry et al. 1 and the subsequent work of others, 2 " 5 the concept that atrial stretch receptors play an important role in modulating water excretion has become firmly established in the literature. With few exceptions, these studies have used the dog as an experimental model. In a previous study, we reported that the responsiveness of atrial receptors in the nonhuman primate, as measured by their electrophysiological response to alterations in atrial pressure, was substantially less than that in the dog. We thereby raised the question as to the physiological importance of atrial receptors in modulating water and possible salt homeostasis in the primate." However, these experiments did not provide information concerning the extent to which this lower level of receptor sensitivity was translated as a diminished renal response to atrial receptor stimulation. Therefore, the present experiments were undertaken to
